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Abstract: This report concerns nanofiber composites that incorporate N-heterocyclic carbenes 
and the use of such composites for testing antimicrobial and antifungal activities. The nanofiber 
composites were produced by electrospinning mixtures of the gold chloride or gold acetate 
complexes of a bis(imino)acenaphthene (BIAN)-supported NHC with aqueous solutions of poly-
vinyl alcohol (PVA). The products were characterized by scanning-electron microscopy, which 
revealed that nanofibers in the range of 250–300 nm had been produced. The biological activities 
of the nanofiber composites were tested against two Gram-positive bacteria, six Gram-negative 
bacteria, and two fungal strains. No activity was evident against the fungal strains. However, the 
gold chloride complex was found to be active against all the Gram-positive pathogens and one 
of the Gram-negative pathogens. It was also found that the activity of the produced nanofibers 
was localized and that no release of the bioactive compound from the nanofibers was evident. 
The demonstrated antimicrobial activities of these novel nanofiber composites render them 
potentially useful as wound dressings.
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Introduction
The production of nanofibers via the electrospinning process has recently attracted 
significant attention.1 Nanofibers have applications in many fields, including opto-
electronics, sensor technology, catalysis, tissue engineering, and medicine.2,3 The 
electrospinning process begins with a polymer solution that is loaded into a syringe 
and subsequently subjected to an applied electric field. When the repulsive electrical 
forces overcome the surface tension of the solution droplet, a charged jet of solution is 
ejected from the tip of the syringe towards an oppositely charged collector. The solvent 
evaporates from this jet, thereby depositing a nanofiber mat on the collector.2
Electrospun fibers have been studied extensively for their high surface area-to-
volume ratios, small pore sizes, high porosities, and their ability to incorporate a variety 
of bioactive compounds, thus making them particularly attractive materials for wound 
dressings.4 A variety of bioactive molecules, including antiseptics, antibiotics, and 
antifungals have been incorporated into nanofibers and used in this context.5
Electrospun fibers of polyvinyl alcohol (PVA) represent attractive, inexpensive 
scaffolds for the support of bioactive molecules.6 PVA has been used for wound 
dressings, contact lens fabrication, and drug delivery systems due to its water solubility, 
biocompatibility, and long-term stability.7–10
We have previously investigated the antimicrobial activities of gold(I) complexes 
of N-heterocyclic carbenes supported by a bis(imino)acenaphthene (BIAN) ligand.11 
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The BIAN class of the ligand, which features the fusion 
of a naphthalene moiety to a diimine, has a number of 
interesting and distinctive properties.12 One such property 
is its extensive redox behavior, which could be useful to 
control metal release from, eg, antimicrobials and anticancer 
drugs.11 To the best of our knowledge, the only prior work 
in this general area focuses on the use of silver(I)-imidazole 
cyclophane gem-diol complexes encapsulated by electrospun 
Tecophilic nanofibers.13 The resulting nanofiber mats were 
found to be effective against Staphylococcus aureus and 
comparable to 0.5% AgNO3. The fiber mats also showed 
antimicrobial activity against Escherichia coli, Pseudomonas 
aeruginosa, S. aureus, Candida albicans, Aspergillus niger, 
and Saccharomyces cervisiae.
This study explores the antimicrobial and antifungal 
activities of nanofibers produced by electrospinning two 
N-  heterocyclic carbene gold(I) complexes (Figure 1) 
with PVA.
Materials and methods
NHC preparation
Compounds 114 and 211 were synthesized according to the 
literature procedures.
Nanofiber preparation
Hydrolyzed (99%) PVA granules with an average molecular 
weight of 130,000 were purchased from Aldrich Chemical 
(Milwaukee, WI). The preparation of the electrospun fibers, 
which incorporated c  ompounds 1 and 2, was accomplished 
by electrospinning aqueous solutions of 5% w/v PVA and 
either compound 1 or 2 in a final concentration of 1 mg/mL 
in PVA at a potential of 20 kV . The electrospinning appara-
tus comprised a hypodermic syringe, a graphite electrode, 
an aluminum collecting drum, and a high voltage supply. A 
high flow rate of 0.7 mL/hour was maintained by connecting 
a syringe pump to the hypodermic syringe.
Microorganisms
The microbial organisms used in this study included the 
Gram-positive bacteria S. aureus NRRL B-313 and Bacillus 
subtilis NRRL B-543, and the Gram-negative bacteria 
Salmonella typhi, E. coli JM DSM 3949, Pseudomonas 
auroginosa, Enterobacter faecalis, Proteus vulgaris, and 
Micrococcus leuteus. The fungal strains, S. cervisiae BY 
4741 and C. albicans NRRL Y-477, were also examined.
Antimicrobial activity assays
The antimicrobial activity toward each microbial organism 
was evaluated in a 1 millimolar aqueous solution of the 
microorganism using the modified agar diffusion technique.15 
The standard antibiotic sensitivity discs, tetracycline, erythro-
mycin, and cephazolin, at a concentration of 15 µg/disc were 
used for comparison with the activities of 1 and 2. The tested 
bacterial and fungal strains were sustained on nutrient agar 
in ISP-2 media at 37°C and 26°C, respectively. Prior to each 
assay, the various strains were cultivated in the appropriate 
broth media for at least 12 hours using a reciprocal shaker 
operating at 150 rpm. Samples of 1 mL were withdrawn 
each hour and the growth rate was determined by measuring 
the optical densities of the growing cells versus that of the 
growth medium at a wavelength of 623 nm. When the growth 
rate reached the exponential phase, the cells were used to 
inoculate the agar media, thereby achieving a cell concentra-
tion of 0.015/mL. Next, the medium was poured onto 9 mm 
agar plates, thus forming agar layers of 3.5–4.5 mm. After 
solidification, wells of 10 mm in diameter were cut in the 
agar plates using a sterile cork borer, and 0.1 mL of the stock 
solution was poured into each well. The agar plates were then 
incubated at 4°C for 1 hour to ensure that diffusion of the 
tested compounds had ocurred. Following this, the bacterial 
and fungal strains were incubated for 24 hours at 37°C and 
26°C, respectively. The diameter of each resulting inhibition 
zone was measured following incubation.
Assays of the antimicrobial activities  
of the impregnated nanofibers
The agar plates were prepared and inoculated with the test 
strains as described above. Following this, the newly prepared 
nanofibers were cut into rectangles of 1 × 2 cm, after which 
they were placed carefully on top of the agar plates with the 
aid of sterile forceps. The plates were then incubated at 4°C 
for 1 hour to ensure that diffusion of the tested compounds 
had ocurred. Subsequently, the plates were incubated for 
24 hours at 37°C and 26°C for the bacterial and fungal 
strains, respectively. Following incubation, the nanofibers 
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Figure 1 (1) N-heterocyclic carbene gold chloride and (2) gold acetate complexes.
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were partially removed by means of sterile forceps and the 
area of each plate was investigated for localized antibacte-
rial activity.
Results
Figure 2 displays a scanning electron microscope (SEM) 
image of the electrospun nanofiber composite incorporating 
compound 1. The nanofibers were formed from a mixture of 
1 mg/mL of compound 1 and 5% w/v PVA. The nanofibers 
produced from the 1/PVA solution consisted of homogeneous, 
even nanofibrous mats with diameters that ranged between 250 
and 300 nm. No granules were evident on the fibers.
Antimicrobial activities  
of the tested compounds
Examination of the agar plates revealed that only nanofibers 
containing the N-heterocyclic carbene complex 1 exhibit anti-
microbial activity. The inhibition zones for the Gram-positive 
bacteria S. aureus and B. subtilis were found to be 19 ± 1 and 
16 ± 1 mm, respectively. Of the six Gram-negative bacte-
rial strains, only M. leuteus was effective and exhibited an 
inhibition zone of 24 ± 1 mm, which is higher than those for 
B. subtilis and S. aureus. By contrast, nanofibers that incor-
porated compound 2 showed no activity with respect to the 
tested microorganisms. Neither compound displayed activ-
ity against the two fungal strains. The standard antibiotics, 
tetracycline, erythromycin, and cephazolin were also tested 
and the inhibition zones were found to be 17 ± 1, 26 ± 1, and 
18 ± 1 mm for S. aureus, and 12 ± 1, 26 ± 1, and 11 ± 1 mm 
for B. subtilis, respectively. The inhibition zones reported 
for the Gram-negative M. leuteus were 17 ± 1, 34 ± 1, and 
12 ± 1 mm, respectively. Accordingly, the activity of the new 
nanofiber composite is of comparable potency to those of the 
standard antibiotics.
Localization of the antimicrobial effect  
of the prepared nanofibers
Figure 3 shows the local environment produced as a result 
of using the electrospinning technique for nanofiber pro-
duction (right) compared to the unloaded, solution-phase 
material that diffuses through the agar plate (left). The plates 
were cultivated with M. leuteus and the measurements were 
made after 1 and 5 days. The product was re-examined after 
four weeks in order to check that compound 1 had not been 
released from the nanofibers. No release of the bioactive 
compound from the fiber was detected after the four-week 
period, as confirmed by comparison of the nonlocalized zone 
(Figure 3, left) with the localized zone (Figure 3, right). In 
the nonlocalized system, compound 1 was found to diffuse 
easily through the agar, as evidenced by the antimicrobial 
activity outside the treated area. By contrast, the localized 
Nonlocalized zone
Localized zone
Compound 1/PVA composite before spinning  Compound 1/PVA composite after spinning 
Figure 3 Antibacterial assays of compound 1/PVA composite before and after electrospinning.
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Figure 2 SEM micrograph of compound 1/PVA nanofibers.
Note: Inset: magnification 2700×, 13,000×.
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system results from the loading of compound 1 into the 
nanofibers, and the antimicrobial effect was detectable only 
below the fibers and did not spread outside the treated area. 
This confirms the ability of the new nanofibers to hold and 
entrap compound 1. Therefore, the localized activity of the 
new nanofiber composite represents a significant advantage 
with respect to the unloaded solution phase mixture.
Conclusion
The incorporation of two BIAN-supported N-heterocyclic 
carbene gold complexes into nanofibers was successful. 
Nanofibers containing the gold(I) chloride complex 1 exhibit 
localized activity against both of the Gram-positive and one 
of the Gram-negative strains tested. Moreover, the activity 
of the nanofiber composite described herein is comparable 
to those of standard antibiotics. None of the complexes 
exhibited any antifungal activity.
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